Abstract The persistent energy imbalance at the top of the atmosphere, inferred from satellite measurements, indicates that the Earth's climate system continues to accumulate excess heat. As only sparse and irregular measurements of ocean heat below 2000 m depth exist, one of the most challenging questions in global climate change studies is whether the excess heat has already penetrated into the deep ocean. Here we perform a comprehensive analysis of satellite and in situ measurements to report that a significant deep-ocean warming occurred in the subtropical South Pacific Ocean over the past decade (2005)(2006)(2007)(2008)(2009)(2010)(2011)(2012)(2013)(2014). The local accumulation of heat accounted for up to a quarter of the global ocean heat increase, with directly and indirectly inferred deep ocean (below 2000 m) contribution of 2.4 AE 1.4 and 6.1-10.1 AE 4.4%, respectively. We further demonstrate that this heat accumulation is consistent with a decade-long intensification of the subtropical convergence, possibly linked to the persistent La Niña-like state.
Introduction
The ocean, covering 71% of the Earth's surface, serves as the major energy reservoir [Levitus et al., 2005] , and the well-documented global mean sea level rise is one of the most certain indicators of global warming [Intergovernmental Panel on Climate Change (IPCC), 2013; Church and White, 2011] . Sea level rises due to the thermal expansion of the entire water column (from ocean warming) and the freshwater input from melting glaciers and ice sheets (mainly in Greenland and Antarctica). As the ocean is warming and its volume is expanding (as evidenced by both satellite and in situ measurements), the question of heat sequestration at depth has attracted much attention [Trenberth and Fasullo, 2010; Purkey and Johnson, 2010; Hansen et al., 2011; Loeb et al., 2012; Abraham et al., 2013; Balmaseda et al., 2013; Johnson and Lyman, 2014; Cazenave et al., 2014; Llovel et al., 2014; Chen and Tung, 2014; Purkey et al., 2014; Desbruyères et al., 2016] .
Combination of the present-day satellite and in situ observing systems has a potential to provide a more complete view on the horizontal and vertical distributions of heat in the ocean. Sea level has been continuously measured by altimetry satellites since 1992 with a nearly global coverage and high accuracy. Since the early 2000s, Argo floats (nearly global coverage achieved in 2005) and Gravity Recovery and Climate Experiment (GRACE) satellites (launched in 2002) have provided measurements of ocean temperature and salinity in the upper 2000 m and estimates of ocean mass changes, respectively. The difference between the total sea level (observed by altimetry) and the mass-related sea level (observed by GRACE) gives the steric (due to changes in seawater density) sea level variability, which is mostly a function of the full-depth heat content [Jayne et al., 2003] . The deep-ocean (below 2000 m) contribution can be inferred indirectly as the difference between the satellite-based (altimetry minus GRACE) and Argo-based steric sea level [Willis et al., 2008; Llovel et al., 2014] . The most recent synthesis of satellite altimetry, GRACE, and Argo measurements showed that no significant deep-ocean warming occurred on the global scale during the 2005-2013 period [Llovel et al., 2014; Dieng et al., 2015] . On the other hand, several studies based on repeat hydrography sections (mostly during the pre-Argo era) have reported a statistically significant deep-ocean warming from 1990s to 2000s, mainly concentrated in the Southern Ocean [Abraham et al., 2013; Johnson, 2010, 2012; Desbruyères et al., 2016] . Because the existing observing systems are subject to uncertainties and temperature measurements below 2000 m are rather sparse and irregular, the topic of deep-ocean warming is still controversial and requires further research.
The deep-ocean warming can initiate and advance in the regions where the air-sea interactions and ocean internal dynamics favor transfer of heat from the surface to the deeper waters. It is important to identify such 
Data and Methodology
For the total sea level, we used the monthly satellite altimetry maps of sea surface height (SSH) from January 2002 to December 2015 produced by Ssalto/Duacs and distributed by Aviso (www.aviso.oceanobs.com). For the mass component of SSH change, SSH Mass , we used the monthly GRACE ocean grids (www.grace.jpl.nasa. gov), derived from the JPL-RL05M mass concentration blocks or "mascons" (JPL-Mascons or MSC) and the RL05 spherical harmonics from CSR (Center for Space Research, University of Texas), GFZ (German GeoForschungsZentrum), and JPL (Jet Propulsion Laboratory). In addition to standard GRACE corrections [Cheng and Tapley, 2004; Swenson et al., 2007; Geruo et al., 2013] , we applied a correction for the Earth's pole tide effect [Wahr et al., 2015] that considerably reduced discrepancies in regional trends among the GRACE products (Text S1 in the supporting information). The indirect estimates of the deep-ocean contribution to the regional sea level rise were validated against the effect of temperature differences between the two occupations of section P16 ( The net surface heat flux estimates were obtained from the ERA-Interim [Dee et al., 2011] , National Centers for Environmental Prediction 2 (NCEP-2) [Kanamitsu et al., 2002] , and Modern-Era Retrospective Analysis for Research and Applications (MERRA) [Rienecker et al., 2011] re-analysis products. Ekman pumping was computed by using ERA-Interim wind stress data. A monthly climatology computed as the multiyear averages for each calendar month over 2005-2014 was removed from all estimates presented in this study.
The uncertainties for each observing system (Table 1) are based on comparisons with tide gauges (for SSH), ocean models and bottom pressure recorders (for SSH Mass ) [Chambers and Bonin, 2012; Mazloff and Boening, 2016] , and on temperature and salinity errors at each grid point contained in JAMSTEC data (for SSL 2000 ). The linear trend uncertainties are the 95% confidence intervals accounting for the slope in the data and random measurement errors (fourth column of Table 1 ). A more detailed discussion of data products used and uncertainty estimates can be found in Text S1 [Ablain et al., 2009 [Ablain et al., , 2015 Le Traon et al., 1998; Johnson and Chambers, 2013; Menemenlis et al., 2008; Peltier, 2004] .
Results

The Earth's Major Heat Accumulators
Subtracting SSH Mass from SSH yields the steric sea level over the entire water column (SSL). It is reasonable to look for the signs of deep-ocean warming in the regions of heat accumulation, as revealed by the satellite-based SSL trend over 2005-2014, which displays striking regional differences of AE15-20 mm yr À1 ( Figure 1a 2000s has been attributed to an enhanced heat transport from the equatorial western Pacific owing to La Niña-like conditions . A large buildup of the upper 2000 m heat content in the South Pacific since 2006 has also been documented and attributed to wind-driven convergence [Roemmich et al., 2015 [Roemmich et al., , 2016 Volkov et al., 2015] .
Boxes A in the South Indian (60-110°E, 10-38°S) and B in the South Pacific (185-250°E, 25-50°S) oceans ( Figure 1a ) each contributed nearly 25 AE 5% of the global mean SSL rise in 2005 . Although the two regions appear to be the Earth's major heat accumulators, they differed from each other in two important aspects: (i) unlike the South Pacific, the SSL rise in the South Indian Ocean was to a large extent Table 1 ). The time series shown are offset for clarity. [Llovel and Lee, 2015] , and (ii) warming in box A was limited to the upper 1000 m, while in box B, significant warming also occurred in the 1000-2000 m depth interval (Text S3 and Figure S3 in the supporting information). This indicates that deep-ocean warming is more likely to have occurred in the South Pacific, and therefore, the following analysis is focused on box B.
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Indirect Estimate of Deep-Ocean Warming
Box B is situated in a relatively quiescent part of the South Pacific subtropical gyre bordered by the eddy-rich Antarctic Circumpolar Current (ACC) to the south. Heat accumulation in box B is investigated in terms of SSL. Sea level trends, estimated from different data products, are presented in (Figure 1b and Table 1 ).
The estimated rates of SSL rise in box B (Figure 1c ) range from 6.4 AE 1.3 mm yr À1 to 7.4 AE 1.3 mm yr À1 (Table 1) .
During the same period, the Argo-based SSL 2000 rose at a smaller rate. The two in situ products agree with each other very well, showing similar trends of about 4.5 AE 1.0 mm yr À1 ( Figure 1c and Table 1 ). The estimated rate of 
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As suggested by the estimates based on different data products (Figure 3a and Table 1 ), SSL Deep averaged over box B rose at rates ranging from 1.8 AE 1.4 mm yr À1 to 3.0 AE 1.3 mm yr
À1
. This is equivalent to a depthaveraged (between 2000 and 5500 m) temperature change from 0.032 AE 0.024°C/decade to 0.050 AE 0.022°C/decade (Text S1), assuming that the halosteric contribution at depth is negligible. The relatively wide range of values is mainly due to uncertainties in the local GRACE trends.
Direct Estimate of Deep-Ocean Warming
Box B includes three repeat hydrographic transects (P06, P15, and P16) that provide independent temperature measurements at depths below 2000 m. However, only P16 along 150°W (Figure 1a ) was occupied at the beginning (January-February 2005) and near the end (March-May 2014) of the study period. Given the strong interannual variability of heat content in the region ( Figure S3) , it is only reasonable to consider temperature changes over approximately the same time interval as the study period (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) , and therefore, here we consider only P16 transect. For comparison, because of the interannual variability, temperature Table 1 Although the deep-ocean temperature difference between the two occupations of P16 (Figure 2b ) is likely biased by eddies (especially in the ACC), tides, and waves that can cause the vertical displacement of isotherms, it is noticeable that between 25°S and 50°S a significant temperature rise occurred in almost the entire water column from 2000 m to about 5500 m depth (Figure 2c ). On average, the deep-ocean temperature increased by 0.012 AE 0.007°C (dashed line in Figure 2c) , which corresponds to a sea level rise of 0.7 AE 0.4 mm yr À1 .
Within the error bars this estimate agrees with the indirect estimates, based on GRACE-CSR/GFZ/JPL data ( Figure 3a and Table 1 ). It should be noted that the direct estimate is based only on one cross section that may not be representative of the entire box B. Nevertheless, the consistency between the indirect and direct estimates suggests that deep-ocean warming (below 2000 m) in the South Pacific in 2005-2014 is very likely robust.
Dynamical Processes Responsible for Heat Accumulation
Regional heat content varies due to changes in (i) the net surface heat flux and ( ) in all products. In a statistically stable situation, where regional heat content and sea level remain unchanged, the net surface heat flux is balanced by the advection of heat by ocean currents. If heat advection is constant, then the reduction of the net surface heat flux would result in a sea level decrease. This means that the air-sea heat exchange was not the driver of the observed heat content changes and sea level rise in box B. Apparently, heat advection was strong enough to compensate for the reduction in the net surface heat flux and led to the accumulation of heat in the entire water column and associated sea level rise in the region. (Figure 3b ). The increased convergence at the ACC Polar Front apparently resulted in an enhanced production of the lower salinity Antarctic Intermediate Water ( Figure S4 ).
The time integral of Ekman pumping averaged over box B yields anomalies in the vertical displacement of the thermocline (Figure 3c ). The observed downward shift of isotherms in [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] [2014] (Figures 2a and 2b) implies that downward Ekman pumping may have also affected the deeper layers. Interestingly, the time integral of Ekman pumping is well correlated with the upper 2000 m heat content anomaly (Figure 3c ) and consistent with the observed temperature increase at depth (Figures 2b and 3a) . These results support the recent findings of Roemmich et al. [2016] and Volkov et al. [2015] , who suggested that the strongly intensified wind-driven convergence in the subtropical South Pacific and the associated Ekman pumping during the decade of 2005-2014 were the main mechanisms of the observed regional upper-ocean heat accumulation and sea level rise. Our findings further suggest that persistent wind forcing affected not only the upper 2000 m but also the deeper layers due the adiabatic deepening of isotherms in the entire water column. It should be noted, however, that the inferred 2005-2014 deep-ocean warming probably reflects interannual to interdecadal variations of wind forcing, rather than a persistent long-term trend.
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Discussion and Conclusions
The combined use of altimetry, GRACE, and Argo measurements is theoretically an ideal method to indirectly derive deep steric changes below 2000 m depth. While the uncertainties associated with the observing systems are decreasing [von Schuckmann et al., 2016] , the indirect method has already been found useful for sea level budget studies [Llovel et al., 2014; Purkey et al., 2014; Dieng et al., 2015] . Our results show that with respect to local trends in box B, GRACE data have the largest uncertainty and should be used with appropriate care.
Given that SSL 2000 accounts for about a half of the SSH rise in box B (Table 1) ).
Our indirect estimates of the deep-ocean contribution to the sea level rise in box B range from 1.8 AE 1.4 mm yr À1 to 3.0 AE 1.3 mm yr
À1
. The direct estimate of the deep-ocean temperature change along P16 transect in 2005-2014 provides more confidence in the residual calculation. The directly measured moderate warming of 0.012 AE 0.007°C is equivalent to a sea level rise of 0.7 AE 0.4 mm yr
, which within the error bars agrees with most indirect estimates (Table 1 ). According to the direct and indirect estimates and assuming that the halosteric contribution is negligible, the deep-ocean in box B contributed from 2.4 AE 1.4% to 6.1-10.1 AE 4.4% of the global ocean mean SSL and heat increase, respectively (Text S2).
By realizing the potential pitfalls of the residual calculation, we note that our study is the first to report on consistency between the indirect and direct estimates of the deep-ocean warming in the subtropical South Pacific. By focusing on the regional as opposed to the global accumulation of heat (which can be independent from each other), we reconcile the recently published studies with contrasting reports on deep-ocean temperature changes based on repeat hydrography [Purkey and Johnson, 2010; Desbruyères et al., 2016] and on the residual calculation for the global ocean [Llovel et al., 2014; Dieng et al., 2015] . We show that the directly and indirectly inferred deep-ocean warming was consistent with the upper ocean warming in 2005-2014, and likely driven (or at least favored) by persistent wind-driven convergence intrinsic to La Niña-like conditions. This suggests that the observed warming at least partially reflects an interannual to interdecadal variation.
We note, however, that given the scarcity of observations at depth, the presented mechanism is hypothetical and other mechanisms could also be relevant. The abyssal warming, for example, can be triggered by changes in buoyancy forcing in Antarctic Bottom Water formation regions Johnson, 2012, 2013; Masuda et al., 2010] . Overall, our study highlights the importance of the implementation of the Deep-Argo array in the region and globally, which will help to reduce uncertainties in sea level and planetary energy-imbalance budgets [Johnson et al., 2015] .
The findings reported here indicate that the subtropical South Pacific is a region where heat can be effectively sequestered by a convergence-favorable persistent wind forcing. Therefore, the observed decade-long regional accumulation of heat at depth could potentially contribute to the documented "hiatus" in sea surface temperatures [IPCC, 2013] . However, the subtropical South Pacific began losing heat in 2014, and this tendency continued throughout 2015 (Figure 3c ). At the beginning of 2014, the Pacific Ocean and the atmosphere began exhibiting features of the impending El Niño event, which by early 2016 had already expressed itself as one of the most powerful on record. Triggered by the 2014-2016 El Niño event, a weakening of westerly winds over the ACC and trade winds in the tropics has been observed; the wind stress curl and associated Ekman pumping in the subtropical South Pacific have also decreased (Figure 3c ). As a motivation for continued research, it is reasonable to hypothesize that if the cooling tendency that began in 2014 in the South Pacific continues, then the heat accumulated at depth could be released into the atmosphere and the surrounding ocean with far-reaching effects on weather and climate.
